Brassica napus were generated by single-run partial sequencing of 197 random root cDNA clones. A computer search of these root ESTs revealed that 21 ESTs show significantsimilarity to the proteincoding sequences in the existing data bases, including five stressor defense-related genes and four clones related to the genes from other kingdoms. Northern blot analysis of the 10 data basematched cDNA clones revealed that many of the clones are expressed most abundantly in root but less abundantly in other organs. However, two clones were highly root specific. The results show that generation of the root ESTs by partial sequencing of random cDNA clones along with the expression analysis is an efficient approach to isolate genes that are functional in plant root in a large scale. We also discuss the results of the examination of cDNA libraries and sequencing methods suitable for this approach.
Plants, in addition to being important targets for improvement by genetic engineering, provide opportunities to study distinct biological aspects, including plant-specific developmental patterns and the intricate interactions with many environmental factors such as plant-microbe interactions and unique defense processes (Goldberg, 1988) . To investigate these phenomena at a detailed molecular leve1 and to genetically engineer plants to produce better characteristics, isolation of necessary molecular clones is a prerequisite. Despite recent technological improvements and a large effort to isolate plant genes, plant gene resources are still very limited. For example, the number of plant genes currently reported in the GenBank data base is only 6195 (GenBank, release 72).
Current approaches for isolating plant genes, such as chromosome walking or gene tagging, are, in most cases, fairly expensive and time consuming and do not provide enough plant gene resources, but recent efforts in plant genome research may provide the necessary gene resources (Magnien et al., 1992) . One approach to obtaining a vast amount of gene resources at a substantially lower cost compared to genome sequencing is to sequence cDNA clones. Adams et al. (1991 Adams et al. ( , 1992 were the first to show that, in humans, even partial sequencing of randomly chosen cDNA clones can provide a large amount of information concerning the genetic makeup of an organism and can generate sequence-tagged markers for the genome mapping. More recently, random cDNA sequencing has been performed with cDNA clones of cultured cells of rice and maize leaf and has proven to be an efficient approach to revealing a variety of expressed genes in plants (Uchimiya et al., 1992; Keith et al., 1993) . To test the feasibility of this cDNA approach to obtaining ESTs of plant genes that are functional in the plant root organ, we have performed partial sequencing of randomly chosen cDNA clones of the root organ of Brassica napus. B. napus is an agronomically important crop plant for production of vegetable oils and fodder for livestock. Many of the plants in the genus Brassica, including Chinese cabbage, cauliflower, cabbage, and broccoli, are also economically important crop plants as sources of foods. Because there has been intensive breeding research using Brassica plants, a large amount of genetic resources is available (Olsson and Ellerstrom, 1980) . In addition, the Brassica plants have been used as favorite model plants for plant molecular biological studies, including studies of some plant-specific processes such as self-incompatibility (Chen and Nasrallah, 1990 ) and pollen-specific gene expression (Albani et al., 1990 (Albani et al., , 1991 .
Generating a gene resource for B. napus will contribute significantly to genetically improving this and related crop plants by genetic engineering with the combined effort of classical breeding, as well as to utilization of the advantages Root tissue was homogenized in the presence of 4 M guanidium isothiocyanate and total RNA was extracted according to the procedure of Cox and Goldberg (1988) . Poly(A)+ RNA was purified by three rounds of oligo(dT)-cellulose chromatography with the poly(A)+ Quik mRNA Purification Kit (Stratagene, La Jolla, CA), according to the manufacturer's instructions.
Construction of cDNA Library
cDNA was synthesized from 2 pg of root poly(A)+ RNA with a cDNA synthesis kit (Pharmacia P-L Biochemicals, Piscataway, NJ) according to the manufacturer's instructions, using oligo(dT) as a primer. The EcoRIINotI adaptor (Pharmacia P-L Biochemicals) was then ligated to the doublestranded cDNA. A fraction of the adaptor-ligated cDNA was ligated to the EcoRI-digested and phosphatase-treated plasmid vector pUC19. The ligated cDNA was then introduced into Escherichia coli DH5a cells by electroporation, using the Gene-Pulser electroporater (Bio-Rad). A plasmid library with approximately 1.5 X 105 recombinants was obtained. A fraction of the synthesized cDNA was subjected to partial deletion with the Erase-a-Base kit (Promega, Madison, WI) under conditions designed to remove approximately 200 nucleotides from 5' and 3' ends of the cDNA, following the manufacturer's instructions. The cDNA was then ligated to the SmaIdigested and dephosphorylated plasmid vector pUC19. The recombinant plasmid cDNAs were electroporated into E. coli DH5a cells as described above. The insert size of the cDNA clones was examined by 0.8% agarose gel electrophoresis after digestion of cDNA clones with EcoRI (the normal cDNA clones) or EcoRI and XbaI (the deletion cDNA clones).
Nucleotide Sequencing
Manual nucleotide sequencing was performed by the standard dideoxy chain termination method on doublestranded plasmid DNA using the Sequenase, version 2.0, DNA-sequencing kit (United States Biochemical) and [a-"'jS] dATP (Amersham, Buckinghamshire, UK) as label. The reaction mixture was separated by conventional6% PAGE. For the automated nucleotide sequencing, the sequencing reaction was performed with the Tag Dye Primer Cycle Sequencing kit (Applied Biosystems, Foster City, CA) using the fluorescent dye-labeled M13 universal or reverse priiner (Applied Biosystems). The cycle sequencing reaction was carried out in an Ericomp thermal cycler (Ericomp, Inc., !5an Diego, CA), and the nucleotide sequences were obtained by electrophoresis on an automated DNA sequencer (model 373A; Applied Biosystems). Ambiguous base callings were manually assigned by examination of the printouts of the fluorescence pattem. Plasmid DNA for sequencing reactions was prepared by the alkaline lysis method (Sambrook et al., 1989) with minor modifications.
Computer Analysis of Nucleotide and Protein Sequences
A11 of the computer analyses of nucleotide or protein sequences were performed with the software package IG Suite (IntelliGenetics Co., Mountain View, CA), installed on a Sun SPARCstation 2 computer (Sun Microsystems, Inc., Mountain View, CA). The data bases used for homology search were the PIR protein sequence data base (PIR release 31, December 1991), Prosite protein motif data base (Prcsite release 8.1, March 1992), and GenBank nucleic acid data base (GenBank release 71, March 1992). PIR and GenBank searches were performed with the Fast Pairwise Comparison of Sequences (FASTDB) program (Brutlag et al., 1990) . I'rotein motif search was conducted with the Quick User-directed Expression Search To01 (QUEST) program (Boyer and Moore, 1977; Knuth et al., 1977; Abarbanel et al., 1984; Cohen et al., 1986) , with a minor modification to allow for sequeritial comparison of the translated sequences. Comparison of the EST sequences to one another was performed with the FASTDB program.
Northern Blot Analysis
Total RNA (30 pg) was denatured in formamide-contairiing buffer and subjected to denaturing agarose gel electrophoresis as described by Selden (1987) . After samples were blotted onto the Biotrans nylon membrane (ICN Biomedicals, Inc., Irvine, CA), the blots were prehybridized in 0.5 M NaP04 (pH 7.4), 1 mM EDTA, 1% BSA, and 7% SDS for 1 h at 6!j°C (Church and Gilbert, 1984) and hybridized in the siime solution containing 2 X 106 cpm mL-' of probes labeled vvith [a-32P]dCTP (Amersham) by nick translation. The membranes were then washed twice in 0.1X standard saline citrate, 0.1% SDS at room temperature for 10 min and tvvice at 42OC for 10 min.
RESULTS

cDNA Libraries
The strategy we used to generate the root ESTs of B. napus was the same as that developed for the human brain ESTs (Adams et al., 1991) . This strategy involves (a) partial sequencing of cDNA clones by only single-run sequencing reactions to generate ESTs, rather than by full sequencing of cDNA clones by multiple sequencing reactions, and (b) searching for possible homologies either in nucleic acid data bases or in protein data bases after translation of EST sequences into peptide sequences.
To generate the root ESTs of B. napus by the single-run partial sequencing of the cDNA clones, we constructed cDNA libraries from mRNA of the root organ of B. napus using oligo(dT) as a primer for the synthesis of the first-strand cDNA. We expected that the oligo(dT)-primed cDNA library would contain a smaller proportion of cDNA clones with organelle or repetitive sequences like ribosomal clones than a random hexamer-primed cDNA library would, because only the mRNAs with poly(A)' sequences would be represented in the cDNA library. Two kinds of cDNA libraries were constructed to obtain an insight into desirable characteristics for a large-scale generation of plant ESTs. One library (the normal cDNA library) was a standard oligo(dT)-primed cDNA library, and the average size of the cDNA inserts in this library was approximately 1 kb. The other library (the deletion cDNA library) was constructed with cDNAs that have been partially deleted in their 5' and 3' regions to remove some of the noncoding regions, because we wanted to examine the possibility of identifying genes by searching the protein data base as well as nucleic acid data base after generation of ESTs. Finding similarities between genes is far more sensitive when the peptide sequences are compared (Adams et al., 1991) , and we hoped this deletion treatment would generate sequences in the protein-coding regions even after single-run partial sequencing reaction of only the 5' or 3' ends of the cDNA inserts.
For generation of a cDNA library with partial deletions in the noncoding regions, the double-stranded cDNAs synthesized by the standard oligo(dT) priming were subjected to exonuclease I11 treatment, followed by the S1 nuclease treatment to delete approximately 200 nucleotides from both 5' and 3' ends of the cDNAs. This deletion treatment generated a cDNA library with an average insert size of 650 bp.
cDNA Sequencing
For generation of the root ESTs, the clones with cDNA insert sizes longer than 300 bp were selected after agarose gel electrophoresis of restriction enzyme-digested cDNA clones. Most of the clones from the normal cDNA library contained cDNA inserts longer than 300 bp, but approximately 65% of the cDNA clones from the deletion cDNA library contained cDNA inserts longer than 300 bp. One hundred six clones from the normal cDNA library and 9 1 clones from the deletion library were finally subjected to the single-run partial sequencing of the inserted cDNA fragments. The clones with relatively short cDNA inserts were sequenced from only one end of the inserts, whereas the other clones were sequenced from both ends.
As shown in Table I , sequencing of these clones resulted in 136 informative sequence tags from the normal cDNA library and 101 informative sequence tags from the deletion cDNA library. The total number of nucleotide residues of these ESTs corresponds to 54.4 kb. Of the 136 sequence tags from the normal cDNA library, 104 ESTs were generated by conventional manual sequencing, and 32 ESTs were generated by an automated DNA sequencer to compare the efficiency of generating ESTs by these two sequencing approaches (see below). A11 of the 101 sequence tags from the deletion cDNA library were generated by manual sequencing, and the average length (+ SD) of the EST sequences was 213 (k47) nucleotides by the manual sequencing and 336 (+80) nucleotides by the automated DNA sequencing.
The error rate of the sequences of these ESTs was estimated by a pilot experiment with a few known genes. The estimated error rate was approximately 2% in the manual sequencing and approximately 2.5% in the automated sequencing on the ABI 373A automated DNA sequencer. The sequences generated by manual sequencing contained 30 base miscallings, including 8 ambiguous callings, 18 deletions, and 2 insertions of 2479 bp sequences. In contrast, the sequences generated by automated sequencing contained 70 base miscallings, including 67 ambiguous callings and 4 deletions of 2951 bp sequences.
Characterization of the EST Sequences
To characterize the root ESTs generated in this experiment, the EST sequences were first compared to the sequences in the existing data bases. Comparison of EST sequences with the PIR protein data base and GenBank nucleic acid data base was performed with the FASTDB similarity search program (Brutlag et al., 1990) with the Point Acceptable Mutation 150 matrix and the unitary matrix, respectively. The FASTDB program is similar to the FASTA program (Lipman and Pearson, 1985; Gribskov et al., 1987; Pearson and Lipman, 1988 ) in algorithms but is more sensitive than FASTA in detecting distantly related sequences, because FASTDB Plant Physiol. Vol. 103, 1993 uses similarity matrices in the first step of comparison (Brutlag et al., 1990) . In addition, FASTDB can detect local homology regions such as the helix-turn-helix motif.
For PIR data base search of the root EST sequences, the sequences were first translated into a11 six possible translational reading frames, and the translated peptide sequences were compared with the PIR data base. The similarity was considered significant when the percentage of the amino acid identity between two sequences was more than 35% or the significance value of the similarity was more than 8.0 and when further manual examination confirmed that the computer comparison was meaningful. Although the provam indicates that the similarity between two sequences is significant when the significance value is greater than 4.0, we found that the criteria we used identified more definitive similarity between two sequences. The ESTs without significant similarity to the sequences in the PIR data base were further compared to the sequences in the GenBank nucleic acid data base. The similarity of two sequences was considered highly significant when the nucleotide sequence identity was more than 65%.
The characteristics of the root ESTs generated in this experiment are summarized in Table I . Of the 237 sequence tags generated, 21 sequences (8.9%) showed significant homology with the sequences in the data base, excluding two rRNA clones-one 185 clone and one 16s rRNA clone-and the ESTs containing poly(A)+ tracks. The ESTs with significant similarities to the protein-coding sequences in the PIR and GenBank data bases are listed in Table 11 . One hunclred sixty-two sequence tags (68.4%) did not show significant homology with the sequences in the data bases and thus represent previously unidentified plant genes. We also found few ESTs with significant homologies with organelle sequences or other repetitive sequences, in contrast to the (case of human brain cDNA library. The lower proportion of the ribosomal clones and organelle sequences in the cDNA library we used indicates that most of the root ESTs in our experiment represent nuclear-encoded protein-coding genes.
As expected, when we constructed the cDNA libraries for EST generation, the ESTs with poly(A)+ sequences were found in only 10 sequence tags (9.9%) of the 101 sequrmce tags generated from the deletion library (Table I) . However, Data base (DB) abbreviations: P, PIR; C, GenBank.
Number indicates accession numbers or locus names of the matched sequences.
Length indicates lengths of identical sequences for nucleotide matches and of identical of similar amino acid residues for peptide matches.
e Percentage ID, Percentage identity.
Sig., Significance value of similarity. This value is the probability that the optimized score of a sequence alignment can be reached in the comparison of a query with the data base. The value is calculated from the formula: (optimized score -mean score)/sD. For example, a significance value of 4 means an alignment score is 4x SD above the mean of.the optimized score, and a sequence alignment with the significance value more than 4 is considered to be very significant (Reference Manual, lntellicentics Suite, Release 5.4; Brutlag et al., 1990). the poly(A)+ sequences were found in 42 sequence tags (30.9%) of the 136 sequence tags generated from the normal cDNA library. In addition, the ESTs from the deletion library showed a much higher probability of matching the proteincoding sequences in the data bases than those from the normal cDNA library (see below).
Among the 21 clones that matched the protein-coding genes in the data bases, 13 clones (12.9%) were from the deletion cDNA library and 3 clones (2.9%) were from the normal cDNA library, when the EST sequences were obtained by the conventional manual sequencing. This result indicates that the deletion treatment to remove a part of the noncoding regions in the cDNA was very effective in obtaining ESTs in the protein-coding region. In contrast, the EST sequences obtained from the automated sequencer showed a slightly higher probability (15.6%) of matching the sequences in the data bases, even when the normal cDNA clones without the deletion treatment were sequenced (see "Discussion"). In more than 80% of the ESTs with the poly(A)+ sequences, the length of the poly(A)+ track was very short. The length of the non-poly(A)+ sequences in these poly(A)+-containing ESTs was mostly between 100 and 200 nucleotides. Even though these EST sequences are mostly noncoding regions and have no data base matches, they can be used as extremely valuable ESTs for genome mapping, because the sequences in the noncoding regions are highly divergent even among the genes in a multigene family (Ko, 1990 ).
The ESTs with Similarities to the Sequences in the Data Base
As shown in Table 11 , among the ESTs with significant similarities to the PIR and GenBank data bases, 17 sequences (7.2%) matched previously reported plant genes and 4 sequences (R216, RllD, DR69, and DR91 in Table 11 ; 1.7%) had similarities to no plant sequences but only to sequences of nonplants. Examples of peptide sequence alignment of some of these data base-matched ESTs are shown in Figure 1 .
Many of the data base-matched ESTs are similar to known housekeeping genes, including histone H3 protein (R121, 77% identity), actin (DR298, 58% identity), Arabidopsis Met adenosyltransferase (R50, 92% identity), rat Met adenosyltransferase (DR297, 72% identity), tubulin P-chain (R198, 69% identity), Cyt b5 (R216, 54% identity), and thioredoxin genes (DR358, 30% identity). In addition, the clone DR261 is similar to Arabidopsis (69% nucleotide identity), tomato (61 % nucleotide identity), and yeast (57% nucleotide identity) elongation factor-la, an abundant soluble protein (Axelos et al., 1989) . The DR91 clone is similar to the yeast RNA polymerase I1 subunit RPBlO (47% identity). The DR117 clone is nearly identical with the cytosolic form of the Arabidopsis GAPDH gene (98% identity) and also shows strong homology (75% identity) with yeast GAPDH genes. GAPDH was reported to have higher basal level expression in root (Russell and Sachs, 1989) , although its expression level also increases by hypoxic treatment and heat stress. The clone R167 is very similar to maize (92% identity), human (82% identity), and bovine (82% identity) mitochondrial H+-transporting ATP synthase P-chain. It is interesting that five defense-or stress-related genes were identified among the 21 data base-matched ESTs (Table  11 ; see "Discussion" for details). The matched sequences include several glucanases (DR9), GSH transferase (DR66), tobacco pathogenesis-related protein genes (DR34), tomato extensin (DR407), and mammalian 90-kD heat-shock protein family (R80).
Two cDNA clones are related to CaZ+ ion binding. RllD was found to be similar to rabbit (42% identity), rat (36% identity), and mouse (38% identity) calreticulin, which is a high-affinity calcium-binding protein of animal skeletal muscle sarcoplasmic reticulum (Fliegel et al., 1989; Smith and Koch, 1989; Murthy et al., 1990 ). The RlOD clone shows strong similarity to several (87% identity) calmodulin genes.
The four clones that have not been identified previously in plants but have been identified from this study include the clones R216, RllD, DR69, and DR91, which show homologies with the rat Cyt b5 gene, the mouse calreticulin gene, the turned out to be highly homologous with the R216 clone. Thus, the origin of the matched sequences appears to be very broad, and this cDNA approach can find related sequences from distantly related organisms.
Expression Analysis of the Data Base-Matched ESTs
In addition to the data base search, one other approach to further characterize the root EST clones is to examine the expression patterns of the clones. We have examined the expression patterns of the 10 clones that matched the sequences in the data base by northern blot analysis. The results shown in Figure 2 reveal that many of these root cDNA clones are expressed at a higher level in root, but they are expressed in other tissues, too. However, two clones (20%), R103 and DR34, show a highly root-specific expression pattern. It is interesting that four clones (40%), DR407, DR261, DR9, and R216, show relatively higher expression levels in root and stem than in other organs. This may be because root and stem share many similar tissues, such as xylem and phloem. Others show a more or less constitutive expression pattern, except the R80 clone, which is not expressed in floral organ. 
DISCUSSION
As a part of our effort to identify genes that function in plant root, the randomly selected 197 cDNA clones of the root organ of B. napus were partially sequenced by single-run sequencing reaction and generated 237 ESTs. These EST sequences were characterized mainly by comparison with the sequences in the GenBank and PIR data bases or partly by northern blot analysis. Twenty-one cDNA clones (8.9%) matched the protein-coding sequences from other organisms in the GenBank and PIR with high similarity. These sequences include housekeeping genes, stress-or defenserelated genes, calcium-binding genes, and others. After the nature of these ESTs is partially deduced from the sequence comparison, it is possible to further characterize these genes by full sequencing of the clones. We have fully sequenced two putatively identified ESTs through a data base search, and the clone R10D, similar to alfalfa calmodulin, was identified as a calmodulin gene, and the clone DR91, similar to yeast RNA polymerase II subunit RPB10, was found to be a likely candidate for the plant counterpart of the yeast RPB10 gene (data not shown). The results show that the partial sequencing approach, followed by data base search, is an efficient way to isolate functionally or structurally related genes to known sequences from plants, which agrees with previous reports concerning the partial sequencing of random cDNA clones of rice and maize (Uchimiya et al., 1992; Keith et al., 1993) .
Is the cDNA approach we describe here really useful in identifying new plant genes, or are the clones identifiable by this approach merely the Brassica equivalents of other plant genes that can be isolated by the simple nucleic acid hybridization technique using known plant genes as probes? Although it is true that many of the genes that have been identified by our random sequencing approach are homologous with the genes from other plants (and it is likely that some of these clones can be isolated by a simple crosshybridization technique), some of the genes cannot be isolated by a simple hybridization technique, especially the genes that have been identified by homologies with the genes of other kingdoms.
The clone R50 shows 92% amino acid identity and 78% nucleotide sequence identity with the Met adenosyltransferase gene of Arabidopsis thaliana. The clone DR117 shows 98% amino acid identity and 95% nucleotide sequence identity with the Sinapsis alba GAPDH gene. To isolate these clones from B. napus, one can simply use the regular or the low-stringency hybridization technique without much difficulty, but this is not always the case. For example, the DR91 showed 48% amino acid identity with the yeast RNA polymerase II subunit RPB10. Full sequencing of this clone revealed that it is likely to encode a plant RNA polymerase subunit as mentioned above; yet cloning of this clone by simple hybridization technique would not have been possible because of a low degree of nucleic acid homology.
Another example is the clone R216. The PIR search showed that the clone has 54% amino acid identity with the rat Cyt probing with the chicken gene. The first plant Cyt b5 gene was isolated from cauliflower soon after our data base search (Kearns et al., 1992) , and the R216 clone showed 62% amino acid identity with the cauliflower Cyt b5 sequences, suggesting that the R216 clone is likely to encode a Cyt b5 in B. napus. The cauliflower clone was isolated by purifying the Cyt bs protein from floret microsomes, obtaining partial peptide sequences of the protein, and then performing polymerase chain reaction of the cauliflower cDNA with the oligonucleotides that correspond to the peptide sequence. It would have been much easier if the clone R216 had been available earlier. Thus, it appears that this partial cDNA sequencing is a useful approach to identifying genes that have not been found previously in plants but that have a low degree of protein homology with known plant or nonplant genes, even in the cases in which the simple DNA hybridization assay may not be successful.
The nature of the cDNA library seems to be important in generating ESTs, depending on the purpose of EST generation. It is obvious that a cDNA library that is devoid of noncoding regions and allows sequencing of the coding regions is important for putative identification of the EST sequences by data base search, as demonstrated in our experiment of comparing the level of data base matching between the EST sequences from a normal cDNA library and a cDNA library with some deletions in the 5' or 3' untranslated sequences (Table I ). This would be particularly true when the manual sequencing that generates relatively short ESTs is to be used to generate ESTs mainly for putative identification of genes by data base search. This type of cDNA library may be obtained by partial deletion of the noncoding regions of cDNA molecules as performed in our experiments or by synthesizing the cDNA molecules with random-hexamer priming, although the latter library would have a higher chance of containing sequences other than cDNA of nuclear mRNA. Our preliminary data with the random-hexamerprimed root cDNA library shows that there are virtually no ESTs with the poly(A)+ sequences (data not shown).
One other type of cDNA library that can be used for EST generation for putative identification of clones by data base search is a directionally cloned cDNA library, because the 5' untranslated regions of many plant genes are relatively short (Joshi, 1987) . Keith et al. (1992) have obtained a relatively high level of identification (20%) by using a directionally cloned cDNA library of maize leaf tissues. Although a direct comparison of the level of data base match between the maize ESTs from the previous study and the Brassica ESTs from our study may not be appropriate, because the organisms and the organs used in the two studies are different, the results suggest that a directionally cloned cDNA library is a potential alternative to a deleted cDNA library.
However, even though the maize cDNA clones were directionally cloned, only 20% of the clones were reported to be full-length clones or to include the putative start codon. The result suggests that most (80%) of the cDNA clones used in the maize cDNA sequencing are, in fact, devoid of the 5' untranslated regions and thus the maize ESTs are likely to contain a higher proportion of protein coding sequences than one would expect from sequencing full-length cDNA clones. However, in most cases, it will be almost impossible to make a cDNA library with proper deletions in the 5' untranslated sequences by a simple directional cDNA construction method. In addition, it is also true that some plant genes have rather long 5' untranslated sequences. Thus, the advantage of sequencing the deleted cDNA library over sequencing of the directionally cloned cDNAs is that, by constructing a cDNA library with intended and proper deletions, one can generate sequences with a higher proportion of coding regions upon sequencing, and, thus, the clones will have higher probabilities of data base matching. This deletion treatment would be particularly advantageous for identifying genes with relatively long 5' untranslated sequences by data base search.
This argument is partly supported by our result. When we assume that half of the EST sequences obtained from the normal library are the sequences from 5' ends and that a11 of the three matched sequences from the normal library are from these 5' sequences, the level of identification is still approximately 6%, which is less than the identification level of the deleted library (13%). In addition, the identification of the EST sequences in the data base can be done with sequences from either N-terminal or C-terminal sequences or perhaps from interna1 sequences in a deleted library, depending on the extent of the deletion treatment.
The location of related protein sequence motifs between two genes may not always be the amino-terminal region, especially when the distantly related genes are compared. The evolutionarily distant genes may have regions with different degrees of conservation. Thus, when more sequence regions than just the amino-terminal region of a gene can be compared, there are greater chances of identifying related genes or protein motifs in the data base. However, this advantage may not be so great when applied to the comparison of closely related sequences. One disadvantage of sequencing the deleted cDNA clones is that, to further isolate the corresponding full-length clones, one will have to screen another full-length library after identifying a gene by data base matching. However, this is a minor effort when compared to that of initially identifying a gene. Another disadvantage of the deleted cDNA library becomes clear when the purpose of generating the EST is mostly to obtain STSs for genome mapping. The deleted cDNA clones will not produce gene-specific EST sequences when a gene is a member of a multigene family. In this case, sequencing of either the 5' or 3' untranslated regions of directionally cloned cDNAs will be much more useful than the deleted cDNA clones, because the untranslated regions are more divergent than the proteincoding regions, as mentioned in "Results."
To examine whether different sequencing methods can affect the level of data base matching of the EST sequences, we performed automated sequencing as well as manual sequencing. The automated sequencing usually produces longer sequences from a single-run sequencing reaction, as was shown in our results, too. In addition, the data base-matching efficiency of the EST sequences obtained from the automated sequencing was much higher (15.6%) than that of the EST sequences obtained from the manual sequencing when the nondeleted cDNA library was examined. A simple explanation for this discrepancy is that the longer sequences obtained by automated sequencing contained more of the proteinwww.plantphysiol.org on July 20, 2017 -Published by Downloaded from Copyright © 1993 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 103, 1993 coding sequences, reading the sequences beyond the 5' or 3' noncoding regions. Thus, these sequences would have higher chances of data base matching, even when they are obtained from the nondeleted library. In addition, even if the sequences mostly contained the protein-coding regions, longer sequences would have greater chances of data base matching, because two related sequences often consist of domains with different degrees of homologies.
This hypothesis could be easily examined by artificially truncating the longer sequences obtained by automated sequencing to the average length of the sequences obtained by manual sequencing and by comparing the level of data base matching between the longer sequences and the shorter, truncated sequences. Unfortunately, the data we obtained did not provide evidence for our hypothesis. The data basematched sequences from the automated sequencing were the clones R50, R80, R103, R121, and R167 that match the Met adenosyltransferase, heat-shock protein 84, pPLZO2 protein, histone H3, and H+-transporting ATP synthetase P-chain, respectively. A11 of these matched clones mostly contained the protein-coding sequences, two (R167, R50) matching at the carboxy terminus, two (R121, R80) matching at the amino terminus, and one (R103) matching at an interna1 region, when judged from the alignments of the matched sequences. In addition, the homologies of these sequences were either very high or rather even throughout the sequenced regions. When these sequences were truncated and compared to the sequences in the data base, a11 of the sequences were still identifiable in the PIR data base. Thus, the high level of the data base matching we observed with the sequences from the automated sequencing appears to be a coincidence, although the differences in the types of sequence errors between the automated sequencing and the manual sequencing might have partially contributed to this difference (see "Results" and discussions below).
However, we still believe that it is valid that the longer sequences obtained by automated sequencing will have a higher level of data base matching, at least in some cases, and performed a simulation test with a few known genes to examine the validity of this hypothesis. One example is the citrate synthase gene of A. thaliana. The reported sequence of this clone contains 57 bp of 5' untranslated sequences. The sequence of this clone was artificially truncated to the length of 213 bp reading (the average reading of the manual sequencing) or to the length of 336 bp reading (the average length of the automated sequencing) either from the 5' or 3' end and was compared to the sequences in the PIR data base. Although the shorter sequences from both ends did not find any significantly related sequences from the data base, the longer sequences from the 5' ends matched the pig citrate synthase gene with 48% homology, and the longer sequences from the 3' ends also matched the pig citrate synthetase with 32% homology with a local region of rather high homology. Another example is found with the Cyt b5 gene of cauliflower. When the same procedure was applied to this gene, the longer sequences from the 5 ' ends showed sequence homology to the rat Cyt b5, but the shorter sequences did not show any significant homology with the genes in the data base. Neither the longer nor the shorter sequence from the 3' ends matches any sequences.
The types of sequence errors found in the EST sequences can also affect the level of data base matching. As menticined in "Results," most of sequence error types were base miscallings or ambiguous base calls. This type of error did not affect the level of data base matching, because a miscalled base is simply regarded as a change of a single amino acid residue or as a same amino acid residue, depending on the loca tion of the miscalled base and on the frame used to search the data base. However, the deletions or insertions may cause a slight effect on data base matching, because these errors can cause frame shifts in the translated amino acid sequences.
The effect of frame shift errors in data base matching was tested by artificially introducing deletions into some of the EST sequences we had generated. A deletion that is made at the nucleotide position 121 of the clone R50 and DR117 and that shows strong homology with the Arabidopsis Met adenosyltransferase (92%) and GAPDH (98%) genes did not affect the data base matching at all. To further examine the effect of the frame shift errors in identifying sequences with weaker homologies, two deletions were made at nucleotide positions 31 and 121 of the DR66 that shows 39% sequence homcdogy with the GSH transferase 111 gene of maize. In this case, the homology decreased to 28%, but the clone could be still identified as a related clone to the GSH transferase 111 gene because of the presence of relatively stronger local homology regions. However, when a deletion was made at nucleDtide position 121 of DR358 clone that shows 30% homology with the thioredoxin gene of Chlamydomonas, the homology declined to 24%, and the clone could not be identified as a related clone. Thus, although the majority of sequence errors that are observed during the single-run partia1 sequencing of cDNA clones do not affect the level of data base matc'hing, the frame shift errors can affect the data base matching to a certain extent. The extent of repeated sequencing of the same cDNA clones was very low in our experiment, and only 3 of thr: 197 clones were sequenced twice. The experiments conducted with the human brain cDNA library, the maize leaf cDNA library, and the rice cultured cell cDNA library also showed that the majority of the ESTs generated without norm-'i 1' ization process were represented only once (Adams et al., 11992; Uchimiya et al., 1992; Keith et al., 1993) .
However, the question arises about when the repetitive sequencing would be a problem, how feasible it is to piirsue further this type of effort, and in which direction this type of approach should head. Estimation by the mRNA/cDNA hybridization kinetic study (Okamura and Goldberg, 1989) of the soybean root mRNAs showed that the approximate percentage of mRNA mass and the number of diverse mRNAs in the superabundant class is 19% and 50, respectively, which is similar in pea and, thus, should apply to B. napus wikhout much deviation. The figures mean that the average percentage of a single mRNA species in the superabundant chss is 0.38% (19%/50), assuming the average lengths of the root mRNA species are equal, regardless of their abundance. Thus, when we sequence the randomly chosen cDNAs to generate the root ESTs, we would expect the sequencing of an mRNA sequence in the superabundant class 3.8 times out of 1000 clones on average. The approximate percentage of mRNA mass and the number of diverse mRNAs in the abundant class is 36% and 2000, respectively. Using the same calculation, we would expect sequencing of mRNA sequences in the abundant class 0.18 times out of 1000 clones. The approximate percentage of mRNA mass and the number of diverse mRNAs in the rare class is 45% and 18,000, respectively. In this case, we would expect sequencing of mRNA sequences in this class 0.025 times out of 1000 clones. Thus, we can estimate that 1000 randomly chosen clones would consist of 190 superabundant mRNA sequences (19%) with an average repetitiveness of 3.8, 360 abundant mRNA sequences (36%) with an average repetitiveness of 0.18, and 450 rare mRNA sequences (45%) with an average repetitiveness of 0.02. This estimation shows that the repeated sequencing of the superabundant or abundant mRNAs would not be a problem until a fair number of cDNA clones is sequenced. Perhaps up to sequencing of approximately 5500 clones (1/0.18 X 1000 clones for the abundant class mRNAs), at which point the repetition of the abundant class sequences start to build up, most of sequences except the sequences from the superabundant class (19% X 5500 clones = 1045 clones) may be unique.
However, to reduce the effort of repetitive sequencing and to have access to the rare mRNA sequences, it will be necessary to make a normalized cDNA library in which a11 of the approximately 20,000 mRNA species expressed in plant root (Okamura and Goldberg, 1989) are present more or less in an equal proportion, for example, by a kinetic approach (Patanjali et al., 1991) . Nonetheless, it should be noted that random sequencing of the cDNA clones without a normalization process will provide an approximate but important idea about the types of genes that are expressed in plant root as the superabundant or abundant class.
In the case of the plant root mRNA, the screening procedure to remove the clones in the superabundant class seems to be impractical, because the number of the superabundant class mRNA species are too many to perform hybridization with every clone in this class. Perhaps the best strategy to generate the ESTs for identification of genes that function in plant root, then, might be that the random sequencing approach as has been described here using the deleted library with no normalization process is pursued until the number of the ESTs reaches approximately 1000 to 2000, and at the same time the sequencing of a normalized cDNA library is pursued. One other strategy that has to be considered is to use a subtracted cDNA library that would contain the sequences expressed in root tissues only. The ESTs from this type of library will provide important information about the genes that give the plant root its unique developmental patterns and functions.
Of the 197 root EST clones examined in this experiment, 175 EST clones did not show significant similarity to the sequences in the GenBank or PIR data base and, thus, may represent new plant genes. Given that the identities of the large segment of the EST sequences are unknown, how are we going to move forward in identifying these unidentifiable ESTs by data base search? The recent trend of rapid increase in the plant gene data base will enhance the level of identifying the ESTs that have related structure or related peptide motifs (see below). In addition, among the 21 ESTs identified in our experiment, four clones were identified by homology to nonplant genes only (see "Results") and 11 clones also showed significant homologies with the nonplant genes as well as to the plant genes.
If we consider the rapid increase of the numbers of genes isolated from other organisms, including human, mouse, Drosophila, Caenorhabditis elegans, Saccharomyces cerevisiae, and E. coli (Maddox, 1991) , it is very likely that the identifiable genes by data base search will increase substantially. In addition, development of a better computer algorithm for identifying distantly related genes that show weak amino acid identity but contain structurally or evolutionary related sequences will be necessary to increase the level of identification of the EST sequences. The nature of the ESTs that are not identifiable or are identifiable with only very weak homologies by the PIR and GenBank data base search may be recognized by combining several methods, including full sequencing of the clones with rather weak homology, examination of expression patterns, and expression of the sense or antisense mRNA of these clones in plants. Especially the antisense approach combined with the expression analysis of the EST clone (see below) may be one of the most powerful approaches to investigate the function of the ESTs unidentified by the data base search, because there are numerous reports of reducing expression of a specific clone by expressing the corresponding antisense mRNA (Ecker and Davis, 1986; Smith et al., 1988; Visser et al., 1991) .
Another approach could be the gene disruption experiment by the homologous recombination technique, if this technique becomes more efficient in the future. One other potentia1 approach might be the functional identification of ESTs by complementation in yeast or in E. coli, because there are many mutants disrupted in several aspects of cellular processes in these organisms, and there are numerous reports of functional complementation of plant genes in these organisms (for an example, see Nitschke et al., 1992) . Although a substantial amount of effort would be involved in identifying the function of the unidentified ESTs, these unidentified nove1 plant genes could provide a powerful gene resource for molecular genetic dissection of many plant cellular processes.
In addition to searching for the similarity of the root ESTs to the sequences in the PIR or GenBank data base, the EST sequences can be further characterized by comparing to the Prosite protein motif data base to examine the presence of functionally or structurally identifiable peptide motif sequences in EST sequences after translation of the EST sequences into a11 six possible reading frames. The results of the Prosite search that was conducted with the QUEST program (Boyer and Moore, 1977; Knuth et al., 1977; Abarbane1 et al., 1984; Cohen et al., 1986) are shown in Table 111 . Presently, it is not clear how much valuable insight this motif identification can provide to the investigation of the nature of the ESTs, because most of the motif identification process seems to have a stringency that is too low to specifically identify a sequence with a given function. However, some EST sequences identified in the motif data base, such as R29 and RlOD with calcium-binding domain motif or R121 with histone H3 motif, were also identified as data base matching ESTs in the PIR data base, which suggests that in some cases the motif identification can provide information concerning the nature of ESTs. The sequence motifs currently collected Plant Physiol. Vol. 103, 1993 in the motif data base are not comprehensive at all, and a more comprehensive collection of structurally, functionally, or evolutionarily related motifs in the data base will enhance the leve1 of identification of the ESTs in the future.
Regardless of whether the EST sequences are identifiable in the data base, they still can be utilized as STSs, a valuable resource for genetic mapping. STSs are genetic markers with nucleotide sequences of 200 to 500 bp, which are unique in the genome of an organism (Olson et al., 1989) . STSs can be assayed by the polymerase chain reaction using a pair of oligonucleotide sequences corresponding to two short regions in a STS and can be transferred simply as information but not as biological materials like conventional DNA markers. Although the STSs are not widely used in the genome mapping of plant species yet, they have been used successfully for the physical mapping of human chromosomes (Vollrath et al., 1992) . STS mapping of these EST markers in the genome of €3. napus also may provide genomic information such as distribution of expressed genes in the genome and the relationship of the expression patterns or functions of expressed genes with the location of the genes in the genome.
The results of the northern blot analysis of the data basematched ESTs show that, in addition to the sequence cataloging of ESTs, expression cataloging of ESTs can provide valuable information concerning the characteristics of the EST clones that are expressed to provide plant organs with specific functions and structures (see "Results"). Although we have performed the expression analysis of the EST clones in several plant organs, the expression cataloging can be extended to determine the regulation pattems of these clones following hormonal treatments or environmental stimuli, such as wound and drought. Perhaps even more valuable expression cataloging can be achieved by in situ hybridization screening of the EST clones. It is also noted that a high proportion (20%) of the randomly chosen root cDNA clones, without prior subtraction of commonly expressed genes in other tissues, was root specific. To obtain root-specific genes, it is sufficient, to a certain extent, to simply examine expression pattems of random EST clones without prior subtraction process of the cDNA library.
The sequencing and the data base search of the random cDNA clones as described in this experiment should be able to provide an idea about what types of genes are functioning in plant organs. One of the immediate interpretations of our results is that many defense-or stress-related genes are expressed in plant root. Plant root, consisting of the underground part of a plant, plays many important roles in the survival of a plant (Schiefelbein and Benfey, 1991) : it takes up and transports water and dissolved ions, it is the place of synthesis and storage for plant growth regulators such as cytokinins and GAs, and, in addition, it anchors the w hole plant in the soil and shows complex interactions with various environmental factors such as many soil microorganisms, gravity, moisture, nutrients, temperature, and composition of soil.
It is interesting that many (5 of the 21 data base-matched sequences) of the data base-matched sequences from the root ESTs are defense-or stress-related genes ( Table 11 ). The cllone DR9 matched to several glucanases (31% identity), which are induced by pathogen infection and were reported to have antifungal activity (Boller, 1987) . The clone DR66 matched GSH transferase genes (39% identity). In plants, the GSH transferases detoxify a number of herbicides (Mozer et al., 1983) . The DR34 clone is similar to the tobacco pathogentzsisrelated genes (37% identity), which are known to be induced in response to biotic or abiotic elicitors and contain endohydrolytic or peroxidase activity (Van Loon, 1985) . The DR407 clone matched to the tomato extensin (61% identity) and several Hyp-rich glycoproteins. The extensin-like Hyp-rich glycoproteins are accumulated in response to pathogens and wounds, potentially influencing wound healing and disease resistance (Showalter and Rumeau, 1990) , in addition to being important cell wall components. The clone R80 shows similarity to the mouse (68% identity), human (56% identity), rabbit (55% identity), and Drosophila (52% identity) 90-kD heat-shock protein family. This result indicates that the plant root system may express many defense-or stress-related genes to cope with the intensive environmental interachlons mentioned above. Although in our experiment we have tised a cDNA library from a whole root organ that is composed of several types of tissues and cells, a better EST cataloljng procedure to identify genes that function in a specific tissue or a cell type can be achieved from a cDNA library constructed from a tissue or a cell type. In some plants, it is riow quite practical to isolate a certain single cell type such as guard cells of Vicia faba.
Plant root also serves as an interesting subject for the study of plant organ development and cellular differentiation, because relatively simple types at severa1 stages of differentiation are present at the same time in a single root organ. Expression cataloging of the root ESTs as performed in our experiment along with the putative identification of the ESTs by data base search may well provide the molecular clones that are needed to dissect the molecular processes of plant root development.
